Sympathetic nerve stimulation and intralummal norepinephrine infusion for more than 15 seconds produced a biphasic response in the isolated rabbit ear artery perfused with RREBS solution. This response consisted of an initial rapid constriction (phase A), which was followed by partial relaxation, and a final slowly developing constriction (phase B), which lasted for the duration of nerve stimulation or norepinephrine administration. Raising the potassium concentration of the Krebs solution to 12mM decreased the relaxation time between the two constrictor phases in response to norepinephrine; lowering the potassium concentration to 1.2 mM increased the relaxation lime and decreased the degree of constriction of both phases. Biphasic vasoconstrictor responses were also elicited by the intraluminal infusion of phenylephrine, histamine, serotonin, or 35 BM potassium. When calcium was absent from the perfusing solution or when manganous sulfate (LMW) was present, norepinephrine produced only a fast phase A constriction, with no subsequent slow phase B constriction. However, after treatment of the trtery with ryanodine, the phase A constriction in response to norepinephrine was markedly inhibited, but the phase B constriction was not. We concluded that the fast phase A constriction depends on the release of calcium from an intracellular pool and that the slow phase B constriction depends on the influx of extracellular calcium.
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norepinephrine phenylephrine serotonin potassium manganese ryanodine calcium histan • A biphasic constriction of the perfused central ear artery of the rabbit in response to infused norepinephrine or periarterial nerve stimulation was noted by de la Lande et al. (1) . This response was characterized by an initial rapid constriction, an intervening partial relaxation, and a final slowly developing constriction, which lasted for the duration of norepinephrine administration or nerve stimulation. More recently, Bevan and Watersoi (2) investigated the relationship between the diffusion of norepinephrine into the wall of the perfused artery and the time course of the biphasic response. During studies of the effect of cholinergic agents on adrenergic neurotransmission in the perfused rabbit ear artery (3, 4) , we consistently observed the biphasic response whenever norepinephrine was administered or the periarterial nerves were stimulated for 15 seconds or longer.
The present work further elucidates the nature of this biphasic response.
Methods
Rabbits (2-4 kg) were killed by a blow to the head. According to the procedure of de la Lande and Rand (5) , the proximal portion of the central ear artery (2-4 cm) was dissected free, cumulated at both ends, and mounted in a perfusion chamber 3 mm in diameter and 50 mm long. Two platinum electrodes were fixed near the bottom and the top of the chamber for the application of field stimulation (Fig. 1 ). The artery was perfused both intra-and extraluminally simultaneously, with both the inner and the outer flows being delivered at a constant rate (about 2 ml/min) by a polystaltic Four-channel pump (Buchler Instruments). In the present experiments, all of the outer flow was pumped From a common reservoir through the main superfusion channel and the minor superfusion channel; 80S of the inner flow was pumped from the same common reservor through the main perfusion channel, and 20% of the inner flow was pumped from an auxiliary reservoir through the minor perfusion channel. Drugs were added as needed to this auxiliary reservoir, The perfusion temperature was 37°C. minor perfusion channel. Field stimulation was achieved wth supramaxima] square-wave shocks (60-70 v, 1 msec) from a dass S4C stimulator connected to the electrodes in the perfusion chamber. The standard perfusion fluid was Krebs solution with the following millimolar composition: NaCl 119, NaHCOa 25, KC1 4.7, MgSo 4 1.5, KH;PO4 IX CaCl 2 2.5, glucose 11, disodium ethylenediaminetetiaacetate 0.03. The solution was continuously bubbled with 951 O2-5S CO;, to give a pH of 7.4. In experiments in which manganous sulfate was added to the perfusion fluid, NaHCO s and KH 2 PO, were left out of the solution to prevent precipitation of manganese, 19 HIM NaCl and 6 mM Tris-hydroxymethylam inornethane were substituted, and the pH was adjusted to 7.4 by adding HC1. In four experiments with this solution, aeration was with 95% O,-Z% CO 2 (yielding a pH of approximately 7.0), and in two experiments aeration was with 100% O2.
In some experiments the rabbits were injected with reserpine (5 mg/kg, ip) 1 day before the experiment to deplete the norepinephrirje of the adrenergic neurons in the arterial preparations.
The Figure 2 illustrates that both the stimulation of the periarterial sympathetic nerves and the intraluminal perfusion of norepinephrine for brief intermittent periods (5-10 seconds) produced a rapid, transient single constrictor response. Figure 2 also shows that, after the period of nerve stimulation or norepinephrine perfusion was extended to 3 minutes, the initial rapid constriction (phase A) was quickly followed by a partial relaxation and then by a slowly developing sustained constriction (phase B), which lasted for the duration of nerve stimulation or norepinephrine perfusion. In over 100 experiments of the type shown in Figure 2 , the peak of the phase A response always occurred within 10 seconds of the beginning of nerve stimulation (4-8 Hz) or of Ae beginning of contact of norepinephrine (15-50 ng/ml) with the artery. The phase B response to nerve stimulation usually reached a maximum within 2 minutes and then exhibited a small decline during the remainder of the stimulation period. The phase B response to perfused norepineplirine usually reached a maximum or nearly a maximum level within 3 minutes of infusion.
The magnitude of phase A constriction was either equal to or greater than that of phase B when the infused norepinephrine concentration was low or when the sympathetic nerves were stimulated at low frequencies ( Fig. 3 ). However, the phase B response became gradually greater than the phase A response as the norepinephrine concentration or the frequency of nerve stimulation was increased. Table 1 shows the results of experiments on seven arteries which were first perfused with 10 ng/ml of norepinephrine and then with one or two higher concentrations. In each artery, the ratio of the height of the phase B response to that of the phase A response increased as the norepinephrine concentration was increased.
Histamine (two experiments), phenylephrine (two experiments), and serotonin (three experiments) caused biphasic pressure responses similar to those caused by norepinephrine and nerve stimulation ( Fig. 4 ). However, the rate of relaxation after serotonin infusion was slower than that after infusion of norepinephrine, histamine, or phenylephrine. Also, a rapid increase in the potassium concentration of the intraluminal perfusion medium from the normal level of 5.9 mM to 35 mM caused a biphasic response, although the phase B constriction was less marked in this case than it was in the case of the other stimulating drugs (Fig.  4 ). The biphasic response to 35 HM KC1 was obtained in arteries from reserpine-treated rabbits (four experiments) as well as in those from normal rabbits and therefore did not depend on the release of endogenous norepinephrine. Means * SB are for seven experiments in all of which norepinephrine was perfused at 10 and 30 ng/ml and in fow of which it was also perfused at 15 ng/mL Each perfusion period was for 3-5 minutes. The ntio of phase B resporue to phase A response is the ratio of the increase in pressure 3 minutes after the start of the norepinephrine perfusion to the increase in pressure at the peak of the phase A response.
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Decreasing the potassium concentration of the Krebs solution in both the intra-and the extraluminal perfusates to 1.2 DIM, or increasing it to 12 DIM, did not by itself produce a response but did alter the relative magnitude and the degree of the separation of the two constrictor phases evoked by norepinephrine. When the potassium concentration was maintained at 1.2 mut, the degree of constriction of both phase A and phase B was depressed, and there was a greater separation between the phases (Fig. 5 ). However, at a concentration of 12 mM, the magnitude of phase B was enhanced, and the relaxation between the two phases was decreased to the extent that the two constrictor phases became almost continuous. Quah'tatively similar results were obtained in five experiments of the type shown in Figure 5 . Figure 6A illustrates that the phase B constrictor response to the administration of norepinephrine was selectively inhibited when calcium was removed from both the intra-and the extraluminal perfusing media. Table 2 summarizes the results of six experiments on arteries when they were first exposed to norepinephrine in normal Krebs solution and then again 5 minutes after the beginning of perfusion with the calcium-free solution. On the average the phase B response was reduced by about 90$, and the phase A response was reduced by only about 20%. Manganese, which is known to block calcium permeability in numerous tissues (6-10), also caused selective inhibition of the phase B response. Figure 6B shows the record from an experiment in which 1 DIM M11SO 4 was added to the perfusion medium; Table 2 summarizes the results of six experiments of this type. If the perfusion fluid was charjged from regular Krebs solution to a calcium-free solution and norepinephrine (3xlO~* g/ml) was then tested only two or three times for 1-minute periods during the following hour, the phase A constrictor response after 1 hour was still appreciable (Fig. 7) . In nine experiments of this type, the phase A response after 1 hour of calcium deprivation averaged 542 ± 8.7%
EFFECTS OF CALCIUM AHS MANGAHKE ON THE BIPHASIC RESPONSE TO NOHEPINEPHIINE
of the control phase A response obtained immediately before removal of calcium, and the phase B response was completely suppressed. The complete inhibition of the phase B response and the moderate depression of die phase A response produced by perfusion with a calcium-free solution could be readily reversed by perfusing again with normal Krebs solution.
EFFECT OF RYANOD1NE ON THE BIPHASIC RESPONSE TO NOMPINtPHRINE
The alkaloid ryanodine selectively inhibited the Fast phase A constriction. Figure 8 shows a record of the pressure response to a 3-minute infusion of norepinephrine before and after a 30-minute exposure to ryanodine (3 X 10" 8 g/ml). The results of six experiments with ryanodine are summarized in Table 2 . On the average, the phase A response was reduced by over 803!, and the phase B response (measured after 3 minutes of norepinephrine perfusion) was not significantly altered. In some experiments (Fig. 8) , ryanodine treatment appeared to potentiate somewhat the phase B 
Discussion
The present experiments confirm the findings (1, 2) that norepinephrine, either infused or released by periarterial nerve stimulation, produces a biphasic constriction of the perfused rabbit ear artery. Bevan and Waterson (2) attributed the phase A constriction to a myogenic propagation of excitation into the wall of the artery following Effect of prolonged perfusion with calcium-free Krebs solution on the phase A pressure response to norepinephrine (NE). Norepinephrine (0.03 ng/ml) was administered at 20^minvte interval: for either 1 minute (first three periods) or 2 minutes (last period). CIRATLMIOM Ratio values are means =* SE for six experiments. Phase A response was the pressure increase at the peak of that phase, and phase, B response was the pressure increase present after minutea of perfusion with norepinep hrine. The concentration of norepinephrine used ranged from 20 to W nM.
'Calcium deprivation (perfusion of Krebs solution without calcium) was initiated 5 minutes before perfusion with norepinephrine.
fMnSO, (1 MM) was added to a tris-hydroxymethylaminDme thane-buff ered, modified Krebs sulotion (see Methods) 5 minutes before perfusiori with norepinephrine. In four experiments with added manganese 95% Oi-5% COi was used for aerat ion, and in t wo experiments 100% Oi was used. Results were similar with both gases and were therefore pooled.
tHyanodine (1- 10 fig/ml ) was perfused for 10-^0 minutes, and norepinephrine was perfused 10 minutes after termination of perfusion with nianodine. excitation of the smooth muscle cells nearest tie surface of entry of norepinephrine. They thought the phase B constriction was due to direct stimulation of the smooth muscle cells throughout the wall by norepinephrine diffusing into the extracellular space, since the rate of development of this constriction appeared to be correlated with the rate cf approach of norepinephrine to its final diffusion equilibrium in this space.
Be van and Waterson (2) reported that the magnitudes of the phase A and the phase B constrictions were about the same. However, we found that the relative heights of the two pressure responses were dependent on the frequency of nerve stimulation or the concentration of infused norepinephrine (Fig. 3 , Table 1 ). The phase B constriction was either equal to or less than that of phase A when the concentration of norepinephrine was low, but as the concentration of norepinephrine was increased phase B became gradually greater than phase A.
Oui results have demonstrated that the biphasic constrictor response of the rabbit ear artery is not restricted to stimulation of that preparation by norepinephrine. Phenylephrine, which like norepinephiine acts on alpha receptors, and histamine and serotonin, which act on two other lands of receptors, also produced a similar biphasic response (Fig. 4) . Even a sodden increase in the potassium concentration of the perfusion solution to 35 MM (about six times normal) produced a biphasic response, although in this case the magnitude of the phase B constriction was distinctly less than it was in the case of the other stimulating agents.
Reducing the potassium concentration in the perfusion fluid to about a fifth of normal or raising it to two times normal caused no significant alterations in basal perfusion pressure of the artery, , Vol. XXXII, Jtnt but both changes did produce striking modifications in the pattern of the biphasic vasoconstrictor response to norepinephrine (Fig. 5) . It is likely that these modifications are related to changes in membrane potential caused by the changes in extracellular potassium concentration, but speculation about detailed mechanisms is not justified at this tune. Our experiments with calcium-free perfusion medium and with manganese ( Fig. 6 , Table 21 indicate that the calcium ions which are involved in producing the total constrictor response to norepinephrine reach the contractile proteins from two separate sources. Since the slow phase B response was selectively inhibited after a short perfusion with calcium-fre* solution or in the presence of manganous ions, which reduce permeability to calcium ions in numerous tissues (6-10), the source of the calcium ions mediating the phase B response appears to be the calcium of the extracellular fluid. However, the fast phase A response was little affected by the time the phase B response had been markedly or completely inhibited by the removal of extracellular calcium or the addition of manganese; even after the 1-hour perfusion with calcium-free solution, the phase A response was only moderately reduced in magnitude ( Fig. 7) . Therefore, an intracellular pool of calcium that does not readily equilibrate with extracellular calcium appears to supply the calcium ions mediating the phase A response.
If Bevan and Waterson (2) are correct in concluding that an initial transient mTOgenic propagation of excitation is responsible (or the phase A response, then this propagated excitation could be the stimulus for release of the intracellular calcium mediating the response. Reports from other laboratories have also indicated that the calcium ions which activate contractile elements in some smooth muscle cells may arise, in part, from a reservoir of calcium which is associated with specific intracellular components (11) (12) (13) (14) . Thus, some smooth muscle cells, including those of the rabbit ear artery, may resemble skeletal muscle cells in that they have an intracellular store of activator calcium. In skeletal muscle, this store is in subcellular structures that form part of the sarooplasmic reticulum and accounts for the persistence of vigorous contractile responses to electrical stimulation even after prolonged exposure to calcium-free solution (15) .
The plant alkaloid, ryanodine, inhibits the contractile response of cardiac muscle to electrical stimulation (16) (17) (18) , Although ryanodine produces rigor in stimulated skeletal muscle in a calciumcontaining medium, it inhibits the contractile response of skeletal muscle in a calcium-free medium (15) . The exact mechanism of ryanodine action is not understood, but it appears that this agent interferes in some way with the intracellular calcium binding in muscle (19) . The fact that ryanodine selectively inhibits the phase A constriction in the perfused artery ( Fig. 8 , Table 2 ) provides additional supporting evidence that the fast constriction is activated by calcium ions released from an iDtracellular pool and the slow phase B constriction is activated by calcium ions entering the muscle from the extracellular fluid Our results do not show whether activation of the phase B constriction results directly from a greater influx of calcium ions from the extracellular fluid or from an intracellular release of membrane-bound calcium which readily equilibrates with extracellular calcium.
To explain the transiency of the phase A constriction, Bevan and Waterson (2) proposed (hat excitation in the ear artery may be related more to the rate of change of norepinephrine concentration than to the absolute concentration of norepinephrine, so that only when the rate of rise of norepinephrine concentration near the smooth muscle cells is very rapid will there be sufficient depolarization to produce a myogenically propagated excitation. Because of the characteristics of diffusion into the muscle wall, the necessary rapid rise in the concentration of norepinephrine would occur only at cells near the surface of entry of the norepinephrine and then only for a very limited time. Another possible explanation of the transiency cf the phase A constriction is that in less than 10 seconds after the administration of norepinephrine, the cellular depolarization gradient from the surface of entry of norepinephrine to the opposite surface has already become a gradual one in parallel with the norepinephrine concentration gradient (see Fig.  4 of ref. 2). Once a sufficiently gradual depolarization gradient is attained, depolarized cells in a layer nearer the surface of entry would not produce propagated action potentials in cells in the next more inward layer because (he latter cells would be only slightly less depolarized. Thus, a kind of depolarization blockade of propagated excitation would be quickly established and terminate phase A constriction.
CircmlMuin Rtltrcb. Vol. XXXII, Jtntury 1973 If depolarization of cells within the muscle increased simultaneously with the rise in norepinephrine concentration in the extracellular space, then, possibly by making the cells more permeable to extracellular calcium or by releasing membranebound calcium intracellularly, the depolarization might partially account for the slowly developing phase B constriction. However, the phase B constriction might also partially result from an action of norepinephrine independent of depolarization. This latter possibility is favored because many isolated arteries, when brought to complete depolarization in solutions in which all sodium has been replaced by potassium, can still give additional contraction in response to norepinephrine and other stimulating drugs (20).
Bohr (21) showed that the total epinephrinestimulated contraction of the rabbit aortic strip could be separated into an initial fast and a final slow component. The fast component was completed within 45-60 seconds and, without any intervening relaxation, was followed by the slow component, which often required many minutes for completion, The slow component was usually abolished at a calcium concentration, below 0.3 mw, but the fast component was often enhanced by lower-than-riormal calcium concentrations and depressed by higher-than-normal concentrations. Bohr (21) suggested that the fast contractile component depended on membrane excitability which increased as extracellular calcium concentration was decreased. More recently, Sitrin and Bohr (22), by modifying calcium and sodium concentrations of the bathing solution, were able to differentiate the fast and slow components of the contractile response of dog mesenteric artery strips to epinephrine, They suggested that cellular-bound calcium was the activator of the fast component, and that extracellular calcium was the activator of the slow component. It is not dear at present whether the two components of contraction observed in the rabbit aortic strip and the dog mesenteric artery strip are similar in nature to the two distinct phases of contraction exhibited by the rabbit ear artery. However, it appears very unlikely that the fait component of contraction of the rabbit aortic strip is similar in nature to the phase A constriction of the ear artery, because it has a much longer time course than the phase A constriction, is not followed by a relaxation phase, and is not altered by treatment with ryanodine (unpublished observations).
